The polarizabilities of Si clusters with 9 to 28 atoms are calculated using a density functional cluster method. The atomic geometries are based on those carefully optimized by energy minimization. The polarizability shows fairly irregular variation with cluster size, but all calculated values are higher than the polarizability of a dielectric sphere with bulk dielectric constant and equivalent volume.
The polarizabilities of Si clusters with 9 to 28 atoms are calculated using a density functional cluster method. The atomic geometries are based on those carefully optimized by energy minimization. The polarizability shows fairly irregular variation with cluster size, but all calculated values are higher than the polarizability of a dielectric sphere with bulk dielectric constant and equivalent volume.
PACS number͑s͒: 36.40. Ϫc, 42.65.An, 33.15.Kr, 33.10.Dk The structure and physical properties of small clusters, especially that of Si, have attracted a lot of attention in the past decade ͓1-12͔. The physical property of a cluster is ultimately determined by its geometrical structure, and so the geometrical arrangement of the atoms is the key to the understanding of the physics of these systems. However, a direct experimental determination of the geometric structure of small cluster is very difficult, if not impossible. On the theoretical side, it is possible in principle to determine the ground state structure by a direct minimization of the total energy of the cluster with respect to the atomic coordinates. Once the ground state structure is fixed, all other physical properties can in principle be calculated. In the past two decades or so, ab initio density functional based techniques and ab initio quantum chemistry method have advanced to such a level that the relative energies of structural isomers can be determined to a high precision. The zero-force geometry ͑local minimum͒ of an atomic cluster can be determined by total energy and force calculations given a certain set of initial atomic coordinates. Indeed, for very small clusters, the structure can be determined theoretically. As the cluster size increases, the number of local minima increases rapidly with the number of atoms in the cluster, and it becomes impractical to exhaust all the possible local minima. Even though efficient optimization algorithms have been devised in order to overcome this problem, and atomic clusters of progressively lower energies have been proposed, there is no assurance that a particular zero-force geometry found by theory is the global ground state. Even the most efficient optimization algorithm can only cover a small part of the phase space. It is thus important to compare the physical properties of these clusters with experimentally measured values. The agreement between theoretical calculations and experimental measurements can establish the ground state geometry of small clusters.
The purpose of this article is to calculate the polarizabilities of small Si n (9рnр28) clusters whose structures have been determined previously via accurate ab initio total energy techniques combined with efficient optimization algorithm. The polarizabilities of small Si clusters have been measured by Schäfer and co-workers ͓6͔ for clusters with n ϭ4Ϫ120. For nϭ60Ϫ120, the measured polarizability ␣ per atom is systematically less than the bulk limit, which has a value of ␣ϭ3.7 Å/atom. This bulk limit of ␣ is defined as
where ⍀ is the bulk atomic volume and ⑀ is the bulk static dielectric constant of Si. This smaller polarizability is interpreted as the consequence of the quantum size effect of ⑀: a small ensemble of atoms should have a larger gap and hence a smaller ⑀ than the bulk. However, for even smaller clusters (9рnр50), the measured polarizabilities vary strongly and irregularly with n. Measured ␣ values can be bigger or smaller than the bulk limit, although most of the measured ␣ tend to be smaller than the bulk limit. Vasiliev, Ö güt, and Chelikowsky ͓7͔ have calculated ␣ for Si n using a pseudopotential based finite-difference method for nр10 based on the structures determined by energy minimization. The calculated average ␣ are all higher than the bulk polarizability, although the values tend to decrease towards the bulk limit as n increases. Since almost all the experimental results are beyond this range, there is no meaningful comparison that can be made. Sieck et al. ͓8͔ and Jackson et al. ͓9͔ have calculated ␣ for selected cluster sizes (nϭ3 -14,20,21), based on geometries that they optimized by calculation. Again, the calculated values are above the bulk limit, and there are large differences between the calculated and measured values. In this work, we calculate ␣ from nϭ9 to 28. The calculations are based on local density functional formalism as implemented in a cluster simulation package ͑DMOL ͓13͔͒. The Vosko-Wilk-Nusair parametrization of the local exchange-correlation energy is used. The all electron wave functions are expanded in a local atomic orbital basis. In the double-numerical basis set, the Si 3s and 3p orbitals are represented by two basis functions each, and a 3d type wave function has been used to describe polarization. The extra-fine grid mesh points are used for the matrix integration. The starting geometry of the clusters with n from 12 to 28 are taken from the atomic configurations that have been optimized by a genetic algorithm ͓10,14͔. These cluster geometries are probably the best ͑i.e., lowest energy͒ in the literature, and there is good evidence that these structures are at least consistent with some measured quantities such as ionic mobilities ͓10͔, dissociation energies ͓11͔, and ionization potentials ͓12͔. For smaller clusters ͑from nϭ9 to 13͒, cluster geometries provided by Sieck and co-workers are also used as the starting point. Symmetry constrained geometry optimizations are performed with the Broyden-FletcherGoldfard-Shanno technique from these starting geometries. This assures that the calculated dipole moments and polarizabilities would pertain to the energy minimum structure within the current formulation. In each case, the starting geometries are already very close to the final zero-force configuration within the present formalism. Once the geometries are optimized, the polarizability can be computed by monitoring the change of the dipole moment as we impose an external electric field. The atomic geometries are not further relaxed as the perturbing E field is small.
The diagonal elements of the polarizability tensor ␣ ii , defined as
where i and E i are the Cartesian components of the dipole moment and the applied E field, respectively. In our calculation, this first order change is estimated by finite difference. The dipole moment is first calculated at zero external field. An external field of strength 0.001 a.u. is then imposed in the positive and negative x,y,z directions, respectively, and the change in the dipole moment is calculated and averaged to give ␣ ii . ͑There are a few cases in which the ͉⌬͉ for the positive and negative fields differs by more than 0.01 D. In those cases, we decrease the external field strength to 0.0005 a.u.͒ The average polarizability is then given by the invariant trace ͗␣͘ϭ 1 3 (␣ xx ϩ␣ yy ϩ␣ zz ). As a benchmark test of the calculation procedures, we computed the polarizability of the CO molecule. Our calculated value of 1.96 Å 3 agrees well the experimental value of 1.95 Å 3 . This shows that if the geometric structure is known, the local density formalism can provide a reasonably accurate description of the linear response of small molecules under external electric fields.
Our calculated results for Si clusters are summarized in Table I , in which we list the binding energies, dipole moments and the average polarizabilities for Si clusters with various sizes. We have checked the LDA calculated ͗␣͘ values with the generalized gradient approximation ͑GGA͒ ͓15͔ for clusters with nϭ9, 10, 20, and found that the changes are very small ͑see Table I͒ . In many cases, isomers that are competitive in energy are also considered so that we have multiple entries in Table I for some values of n. The ground state configuration is by definition the isomer with the lowest energy. The polarizabilities as a function of cluster size are plotted in Fig. 1 the ͗␣͘ values start from a large value and then apparently decreases towards the bulk limit from above. However, we see from Fig. 1 that the polarizability actually attains a minimum when n is between 10 and 15. For larger cluster sizes, the polarizabilities of the ground state structures display large variations with cluster size, but the general trend has a positive slope. The calculated values actually deviate more from the bulk limit as we go from nϭ10 to 28. If the structure of these clusters are correct, our results show that n ϭ28 is still far away from the bulk limit as far as the polarizability is concerned.
We note that the experimental values also show large variations with cluster size. In this aspect, theory and experi- for the ground state structures are bigger than the bulk limit, while the experimental values fluctuates about bulk value. In fact, most measured values are less than the bulk limit in this regime, and some can be substantially smaller than bulk. Since most of the clusters have a permanent dipole moment, the measured polarizability should be given ͑in the high temperature and low field limit͒ as ␣ eff ϭ͗␣͘ ϩ(1/3kT) 2 . This means that the measured effective polarizability should be bigger than the average ␣. For completeness, the effective polarizability per atom is also shown in Table I for room temperature. This correction will further increase the difference between theoretical and experimental values.
The open circles in Fig. 1 show the ͗␣͘ values for different isomers with energies close to the ground state. This gives us an idea of the range of the variation of ␣ values one may expect if the structure of the cluster changes. From the figure, we see that the ͗␣͘ values ͑for the same n) do have a noticeable dependence on the structure, but it is important to note that all the calculated ͗␣͘ values are above the bulk limit irrespective of the atomic arrangements. It seems that all the isomers with reasonable energies have ͗␣͘ values higher the bulk limit in this regime. From this observation, it is unlikely that the agreement between theory and experiment can be improved by considering isomeric variations.
In the literature, the polarizabilities of semiconductor clusters and quantum dots are sometimes discussed in terms of the size of the gap. Larger polarizabilities are usually correlated with smaller gaps. From perturbation expansions, the polarizability involves a summation over all the occupied and unoccupied states, and there is no reason why the gap alone should dominate. In addition, the oscillator strengths are important. It would nevertheless be nice if the polarizability can be qualitatively correlated with the gap size. To see if such correlation exists for small Si n clusters, we plot in Fig. 2 the polarizability as a function of the HOMO-LUMO gap for all the clusters we have calculated. While it is true that clusters with very small HOMO-LUMO gaps ͑such as those with gaps less than 0.5 eV͒ have larger polarizability than those with large gaps ͑say with gaps bigger 2.5 eV͒, the overall distribution is so scattered that the correlation is too weak to be useful in this small n regime. We next see whether ͗␣͘ can be correlated with a simple parameter that characterizes the geometry. To this end, we define a normalized moment I/I o , where Iϭm ͚ i r i 2 is the second moment relative to the cluster center of mass, and I o ϭ 2 5 Nma 2 is the moment of inertia of a sphere having the volume of N bulk Si atoms each of mass m. We found that the larger clusters tend to have higher I/I o because they are structurally more elongated. The calculated ͗␣͘ versus I/I o is shown in Fig. 3 for the ground state configurations and we see that clusters with higher I/I o have larger ͗␣͘. This correlation is consistent with the classical picture that more elongated objects are more polarizable.
In summary, we have calculated the dipole moments and the polarizabilities for Si clusters with n from 9 to 28. The geometry of the clusters have been determined previously by advanced optimization techniques. There is a noticable deviation between theoretical and experimental determined polarizabilities and the difference is bigger than the typical error bars quoted in the measurement. The difference is also bigger than what we can usually attribute to the errors introduced in the local density approximations ͑if the geometry is known; see, for example, the test for CO͒. In other words, the theoretically determined geometry and the measured polarizability have yet to be reconciled in this regime. Recently, Jackson and co-workers ͓16͔ have calculated the polarizabilities of Si clusters with n from 10 to 20, and the our results are consistent with theirs. In particular, all calculated ͗␣͘ are higher than the bulk limit. When we consider up to nϭ28, we observe the trend that ͗␣͘ attains a minimum near nϭ10 to 15 and the ͗␣͘ values actually increase again for larger clusters.
